Introduction
Herein we describe a protocol for the preparation of patterned hPSC-CMs for functional analysis. Firstly, we describe the preparation of flexible poly-di-methyl-siloxane (PDMS) substrates on glassbottomed dishes (Basic Protocol 1). Next, we describe our protocol for coating the PDMS layer with a protein micropattern using microcontact printing (Basic Protocol 2). These substrates are then plated with hPSC-CMs that bind to the protein micropattern and assume its anisotropic shape (Basic Protocol 3). This allows for a high yield of single anisotropic hPSC-CMs that show fractional shortening up to 20% along the longitudinal axis for robust contractility and force generation measurements. In addition, we outline the use of fluorescent probes to quantify the calcium cycling and electrical activity of hPSC-CMs (Basic Protocol 4).
Basic Protocol 1: Preparation of PDMS Substrates
This protocol describes the preparation of the flexible PDMS substrates. When combined with a protein coating, these substrates allow for long-term culture of hPSC-CMs (up to at least 6 months) that are able to shorten during contraction by deforming the underlying soft PDMS substrate. Alternatively, Sylgard 527 can be mixed with Sylgard 184 to obtain PDMS substrates with a tunable stiffness > 5 kPa. [1] Materials PDMS (Dow Corning, Sylgard 527 A&B Silicone Dielectric Gel) 50 ml conical centrifuge tubes (e.g., Corning Falcon) 10 ml serological pipet Vortex mixer Vacuum chamber that can hold at least one 50 ml tube Fluorodish (World Precision Instruments, cat. no. FD35-100) or other 35 mm glass-bottom dishes with a glass-bottom well at least 23 mm in diameter 150 mm Petri dish 60 °C oven
1)
In a 50 ml conical centrifuge tube, combine equal parts of component A and B of the Sylgard 527 (at least 10 ml per preparation recommended).
2)
Mix the components with a 10 ml serological pipet by inserting one end of the pipet in the PDMS mixture that is inside the Falcon tube. Keep both the tube and the pipet nearly horizontal. Now, push the other end of the pipet on the activated vortex mixer so that the vibrations from the vortex mixer are conducted through the pipet to the PDMS mixture. Using these vibrations, thoroughly mix the PDMS components for 10 sec by moving the pipet tip around in the PDMS mixture.
3)
Degas the PDMS mixture by leaving it in a vacuum chamber for 30 min.
4)
To maintain optimal aseptic technique, proceed to a cell culture laminar flow hood for the next step.
5)
Place eight Fluorodishes in a 150 mm Petri dish and pipet 100 μl of the degassed PDMS mixture in the middle of each glass bottom. Due to the viscous nature of PDMS, pipetting exactly 100 μl can be challenging. This exact amount is not essentialthe goal is to achieve a thin layer of PDMS that allows for microscopic imaging through the PDMS.
6)
Place the dishes in an oven at 60 °C for 6 hr. If the dishes are not used directly, they can be stored at room temperature for at least 3 months.
If these dishes are to be subsequently plated with hPSC-CMs on a regular protein coating (i.e., not from microcontact printing), they must then be soaked in regular PBS without Mg 2+ or Ca 2+ overnight before protein coating and cell plating.
Basic Protocol 2: Microcontact Printing on Soft PDMS Substrates
Here we describe a protocol for microcontact printing on soft and sticky substrates such as PDMS (Sylgard 527). The protocol is based on the original method published by Yu et al. with several modifications. [2] The authors used a micropattern of 100 x 20 μm to obtain a high yield of anisotropic single hPSC-CMs ( Figure 1 ). In an Erlenmeyer flask, slowly pour PVA into deionized water for a final concentration of 5% (w/v), then leave the solution covered with aluminum foil at room temperature overnight.
Figure 1 | Microcontact Printing of hPSC-CMs on

2)
Use a magnetic hot plate with a magnetic stir bar to stir the solution at 90 °C for 3 hr to further dissolve the PVA. Cover the flask with aluminum foil to prevent evaporation of the water and stick a thermometer through the foil to monitor the temperature.
3)
Let the solution cool down at room temperature for 30 min, then filter it through the 100 μm cell strainer.
4)
Pour 20 ml of the solution into a 150 mm Petri dish and let it dry in a laminar flow hood at room temperature overnight with the lid half open, to form a thin film.
To store these films, wrap the Petri dishes in Parafilm. They can be stored up to 6 months at room temperature. 
Microcontact Printing
The rest of this protocol must be performed in a cell culture laminar flow hood with proper aseptic technique.
5)
Wipe down a pair of scissors, a pair of tweezers, and a scalpel with 70% ethanol.
6)
Place the PDMS-coated dishes, the PDMS stamps, and the PVA film (see step 4) 10 cm under the UV light in a cell culture laminar flow hood. In addition, place the rod weights, the pair of scissors, the tweezers, and the scalpel in the flow hood. To sterilize them, turn on the UV light for 15 min.
7)
Release the PVA film from the Petri dish. To do so, wedge a scalpel in between the film and the side of the Petri dish and move it around the full perimeter of the dish using the blunt side of the scalpel while gently lifting up the film. Next, use the tweezers to gently pull the center of the film off of the Petri dish ( Figure 2A ).
8)
Mix Matrigel with DMEM/F-12 at a 1:10 ratio and add 250 μl of this solution on to each PDMS stamp. Leave for 1 hr at room temperature.
9)
Cut the PVA film into 1 by 1 cm pieces using scissors ( Figure 2B ).
Often the pieces will curve slightly, forming an arch. Make sure the middle of the arch is pointing up before step 7. 10) Aspirate the Matrigel from the PDMS stamps and dry the stamp surface using a gas duster. 11) Put each PDMS stamp on a piece of PVA film with the Matrigel-coated side facing down and add a 50 g rod weight on top of the stamp for pressure ( Figure 2C ). Leave for 20 min at room temperature.
The PVA film should still be dry after step 7. After the PDMS stamp is lifted up, the PVA film should adhere to the PDMS stamp and not the polystyrene surface underneath. If it sticks to the surface underneath and appears very sticky, the PDMS stamp was not dry enough before placing it on the PVA film. 12) Using the tweezers, gently peel the PVA film off the stamp and place the patterned side in contact with the PDMS substrate ( Figure 2D ). Leave for 30 min at room temperature.
Once initial contact between part of the film and the PDMS coating is established, the film will adhere automatically. If it does not adhere fully, gently guide the adherence of the film by pushing on the sides of the film. 13) Add 4 ml of PBS to each dish and leave it for 5 min before aspirating. Repeat this twice.
This will completely dissolve and wash away the PVA film and leave the micropattern of Matrigel on the PDMS substrate. The dishes are now ready for cell plating. Alternatively, they can be stored at 4 °C up to at least 2 months.
Basic Protocol 3: Dissociation of hPSC-CMs into Single-Cell Suspension and Plating onto Protein Micropattern
The authors have cultured several human embryonic stem cell lines. They were differentiated into hPSC-CMs using the protocol described by Lian et al. [4] NOTE: This protocol must be performed in a cell culture flow hood with proper aseptic technique. Solutions and equipment coming into contact with live cells must be sterile. 
Materials
Dissociate hPSC-CMs
This protocol is based on the dissociation of hPSC-CMs in one well of a 6-well plate. Adjust volumes accordingly. 1) Aspirate cell medium from hPSC-CMs.
2)
Add 2 ml collagenase and incubate at 37 °C for 10 min.
3)
3) Using a 1 ml pipet, pipet up and down five times, breaking apart the cell sheet. Incubate for another 5 min at 37 °C.
4)
Put 5 ml PBS in a 15 ml conical tube and add the 2 ml collagenase with the broken cell sheet from step 3.
5)
Rinse the well with 7 ml of PBS and add this to the tube.
6)
Centrifuge cell suspension 5 min at 200 g, room temperature.
7)
Aspirate the supernatant and add 2 ml of 0.05% trypsin/EDTA. Using a 1 ml (P-1000) pipet tip, pipet up and down eight times to partly dissociate the cell pellet.
8)
Bring the tube to a 37 °C water bath and partly submerge it, gently shaking the tube every 10 sec for a total of 1 min and 45 sec.
9)
Pipet the cell suspension up and down eight times with a 10 ml serological pipet. 10) Add 3 ml of cell medium and 9 ml PBS, then pipet up and down five times with a 10 ml serological pipet. 11) Centrifuge the cell suspension again for 5 min at 200 g, room temperature. 12) Aspirate the supernatant and disperse the cell pellet in cell medium by pipetting up and eight times with a 10 ml serological pipet. 13) Plate 250 μl of the cell mixture on the micropatterned PDMS substrates. After 2 hr, aspirate the medium and add 2 ml new cell medium to wash away unattached cells.
Basic Protocol 4: Live Cell Imaging Including Calcium and Action Potential Imaging and Data Analysis
After the cells have been plated on micropatterned PDMS substrates as described in Basic Protocol 3, they are ready for live-cell imaging and analysis of contractility, calcium cycling, and electrical activity within several days. In the author's experience, the fractional shortening and force generation of hPSC-CMs increases during the first 5 to 7 days after plating. hPSC-CMs can be cultured on these PDMS substrates for up to at least 3 months. For contractility imaging 1a) For analysis of contractility, the authors have made videos of the hPSC-CMs at 50 or more frames/sec using a Nikon A1R confocal laser scanning microscope. The imaging is performed at 37 °C in an atmosphere of 5% CO 2 . The acquired videos are then processed using Visible, a custom software program which is available on request. [5] In the authors' experience, a frame rate of at least 50 frames/sec is optimal for further analysis of the contractions of hPSC-CMs.
Materials
For calcium imaging 1b) Preheat and equilibrate 1 ml cell medium in an incubator at 37 °C with 5% CO 2 for 30 min.
In the author's experience, hPSC-CM functional properties are highly sensitive to changes in temperature and pH; therefore, it is essential to preheat and equilibrate with CO 2 to buffer the cell medium prior to addition to the cells shortly before image acquisition.
2b) Dissolve Fluo-4 AM in the cell medium for a final concentration of 0.5 μM. Add this solution to the cells 10 min prior to image acquisition. Afterwards, wash once with cell medium.
Care must be taken that the Fluo-4 AM does not affect calcium cycling and hPSC-CM contractility. 3b) Capture the fluorescent signal of the Fluo-4 AM at 50 or more frames per second using a Nikon A1R confocal laser scanning microscope. Short-term videos (preferably under 10 sec) must be captured to minimize phototoxicity. 4b) Use the plugin Time Series Analyzer V3 included in Fiji to analyze the fluorescent signal of the intracellular calcium during contraction.
For Action Potential Imaging 1c) Preheat and buffer 1 ml cell medium in an incubator at 37 °C with 5% CO 2 for 30 min. 2c) Dissolve PowerLoad concentrate (Component B) and FluoVolt dye (Component A) from the Fluovolt kit in the cell medium at 1:100 and 1:1000 dilution, respectively. Add this solution to the cells 15 min prior to image acquisition using a Nikon A1R confocal laser scanning microscope.
In the author's experience, FluoVolt gives a strong signal in hPSC-CMs of 10% to 15% increase in fluorescence during membrane depolarization. 3c) Use the Time Series Analyzer V3 plugin included in Fiji to analyze the fluorescent signal of the intracellular calcium during contraction.
In the author's experience, the signal of FluoVolt does not appear strictly limited to the cell membrane. Therefore, the fluorescent signal in the entire cell is analyzed.
Commentary Background Information
Human pluripotent stem cells (hPSCs) can be obtained from blastocyst-stage embryos or through reprogramming pluripotency in adult human cells. [6, 7] hPSCs have the ability to differentiate into multiple cell types from all three germ layers including hPSC-CMs. Adult human cardiomyocytes are very limited in their availability. Due to the inherent differences in murine and human cardiac physiology, adult mouse cardiomyocytes are limited in their usability for studying human disease. Moreover, isolated adult cardiomyocytes rapidly de-differentiate in culture, allowing only for short experiments. As such, hPSC-CMs have emerged as an attractive model to study human cardiac disease. [8] In addition, hPSC-CMs are used for drug discovery, regenerative medicine, and cardiotoxicity screening. hPSC-CMs can be cultured for at least 3 months while displaying contractile function, thus making them more suitable for medium-and long-term in vitro experiments. [9] Plating of hPSC-CMs on protein micropatterns to obtain hPSC-CMs with specific anisotropic shapes has been described previously. [10] However, hPSC-CMs were plated on stiffer substrates that did not allow for physiologic amounts of fractional shortening during contraction, making these approaches less suitable for the analysis of contractile function. An alternative to microcontact printing is plating hPSC-CMs on regular substrates and selecting anisotropic single cells. This yields a much lower percentage of usable hPSC-CMs, and therefore is disadvantageous. An added benefit of microcontact printing is that hPSC-CM dimensions can also be strictly regulated.
Critical Parameters and Troubleshooting
While working with hPSC-CMs, it is critical to plan ahead to ensure a stable supply of hPSC-CMs for subsequent plating and experiments. As described in Anticipated Results, it is challenging to maintain hPSCs in a stable pluripotent state for subsequently generating hPSC-CMs with efficient differentiation. Therefore, it is recommended to generate a large stock of frozen hPSCs at an early passage. The number of passages over which hPSCs can be maintained and will generate high quality hPSC-CMs after differentiation varies between cell lines and cell culture protocols.
Anticipated Results
hPSCs and hPSC-CMs are now widely applied in research. However, long-term culture of hPSCs while retaining pluripotency over a large number of passages remains challenging for most laboratories. Therefore, it remains somewhat challenging for most labs to generate a stable supply of hPSC-CMs. Generation of the PDMS substrates and PVA films is rather straightforward. Performing the subsequent microcontact printing of protein on these substrates (as described above) is technically challenging. It is to be expected that several tries will be necessary to perfect this technique. Depending on the size of the PVA film, the efficiency of microcontact printing, and the efficiency of hPSC-CM adhesion to the substrate, several hundred to several thousand hPSC-CMs will be available for analysis per dish. If analysis is restricted strictly to single hPSC-CMs, it is to be anticipated that plating density must be optimized to obtain a high proportion of single hPSC-CMs adhering to the protein micropattern.
Time Considerations
Frozen hPSCs are cultured for 3 to 7 days depending on the plating density and are passaged every 5 to 7 days after this. Differentiation of hPSCs to hPSC-CMs can be started before the first passage, but differentiation efficiency will usually increase during the first three passages. hPSC-CMs are ready to be plated on the PDMS substrates after day 18 of differentiation, and in the author's experience are ideally plated between day 20 to day 30 of differentiation. After plating on PDMS substrates with a protein micropattern, hPSCCMs will demonstrate beating within 24 hr. The fractional shortening and force generation will increase during the first 7 days on the substrate. Thus, the minimum time required to generate stable beating hPSC-CMs on PDMS substrates from frozen hPSCs is about 30 days.
